High resolution IR spectra of the linear HCCCN-HCCH and HCN-HCCCCH hydrogen bonded complexes have been obtained using optothermal detection molecular beam techniques. Two vibrational bands have been observed for each complex, which correspond to the terminal ''free'' C-H stretch vibrations ͑ 2 ͒ of the cyano units and the hydrogen bonded vibrations ͑ 3 ͒ of the acetylenic CH stretches. For both complexes, accurate molecular constants have been obtained. Furthermore, predissociation lifetimes for the 3 ϭ1 states of the both complexes have been determined. The results are compared with those of the linear HCN-HCCH complex obtained by Block et al. ͓Chem. Phys. 139, 15 ͑1989͔͒.
I. INTRODUCTION
The study of weakly bound complexes provides an important window to the world of intermolecular forces, and high resolution IR spectroscopy has certainly been one of the most fruitful techniques in this area. During the last decade or so, a large body of experimental data has been obtained using IR spectroscopy, [1] [2] [3] providing insight into intermolecular forces and the predissociation dynamics of these complexes. Two general aspects of the predissociation process are firmly established. The first is that predissociation occurs preferentially to those final states which involve transferring the least energy into the translational motion of the complex's fragments. This stems from the need to maximize overlap between the wave function of the molecule bound in the complex with the continuum wave functions in the dissociative products. The second is the correlation proposed by Miller 2 between the predissociation lifetime and the square of the vibrational frequency shift ͑see LeRoy 4 for a theoretical justification͒. Even though these criteria generally hold, not every case follows these rules since every species is unique in its own way. Indeed, ''resonant'' predissociation pathways have been demonstrated to be an important factor in the predissociation process, and they are the rule, rather than the exception in determining predissociation rates, especially for small complexes. 3 As the size of the molecules increases, more and more vibrational and rotational channels become open and it is possible that a more statistical treatment will emerge for the rationalization of predissociation lifetimes and the prediction of fragment energy distribution. This would be welcome since it is precisely for the larger complexes that a detailed state-by-state theoretical treatment becomes impractical if not impossible with present methods. One way to shed new light on this subject is by changing the size of one or both monomers with minimal change in the force that binds them together and then observe the resulting change in the structure and the predissociation dynamics of the modified complex.
In the present work, we exploit the above strategy as we replace twice one of the two moieties in the HCN-HCCH complex with a chemically similar molecule, without changing substantially the strength or angular dependence of the intermolecular hydrogen bond. The HCN-HCCH complex was studied by Block et al. 5 Two structural isomers were observed, both of which are hydrogen bonded. One is linear with a CH of HCCH bonded to the N of HCN while the other is T-shaped with the CH of HCN bonded to the electrons of HCCH. In order to study complexes similar to HCN-HCCH, we replaced first the HCN moiety by cyanoacetylene, HC 3 N, to form the HC 3 N-HCCH complex; then, the HCCH moiety was replaced by diacetylene, C 4 H 2 , to form the HCN-C 4 H 2 complex. The IR spectra of HC 3 N and C 4 H 2 have been previously studied in detail 6, 7 and their structures and vibrational frequencies are known with high accuracy, allowing us to determine precise spectral shifts produced by complexation. The spectra obtained for each of the new complexes indicate a linear configuration which we compare to the linear isomer of HCN-HCCH. This paper is organized as follows: First we give a brief description of the experimental apparatus and technique. Second, the spectra obtained for both the HC 3 N-HCCH and HCN-C 4 H 2 complexes will be presented and analyzed. These results will then be compared to those obtained by Miller et al. for the HCN-HCCH complex. Finally, the main conclusions will be summarized.
II. EXPERIMENT
Both HC 3 N and C 4 H 2 were prepared in our laboratory. The HC 3 N sample was synthesized by heating HC 3 ONH 2 and P 2 O 5 together with clean white sand as a heat conductor. 8 No obvious impurities were found in the final product when analyzed by means of FTIR spectroscopy. C 4 H 2 was prepared by the dehydrochlorination of 1,4-dichloro-2-butyne with aqueous potassium hydroxide. 8 The diacetylene evolved was then dried over calcium chloride and collected in a liquid nitrogen trap. Again no substantial impurity was found in the sample. High resolution IR spectra were obtained for the title complexes by the optothermal technique as described in Ref. 10 . The apparatus has been described in detail previously.
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The HC 3 N-C 2 H 2 complex was produced in a supersonic beam by expanding a mixture with volume concentrations of 0.5% HC 3 N and 2% C 2 H 2 by volume in He through a 50 m pinhole at a stagnation pressure of about 4 atm ͑400 kPa͒. The HCN-C 4 H 2 complex was prepared in a similar way by expanding a mixture of 0.5% HCN and 1% C 4 H 2 in He. After the expansion, the molecular beam is collimated by a skimmer and detected by a bolometer ͑IR Laboratories͒ operating at 1.5 K. The spectral lines of the dimers were observed as a decrease in the energy hitting the bolometer, indicating that the complexes dissociate upon vibrational excitation. Radiation was generated by a computer controlled color center laser. The output power of the laser in the 3 m region was normally about 20 mW. The IR laser radiation crossed the molecular beam multiple times through a multipass cell made of two parallel gold-coated mirrors. The spectral resolution of the apparatus was about 10 MHz full-width at half-maximum. This arose from the Doppler shifts caused by changes in the laser-beam crossing angle due to slight misalignment of the multipass cell mirrors. The absolute laser frequency was calibrated by means of acetylene absorption lines in a gas cell at room temperature. The calibration uncertainties are of the order of 0.001 cm Ϫ1 ͑which is mainly caused by the uncertainties in determining the center of the absorption lines͒. The laser frequency was monitored by two scanning étalons ͑one with a 7.5 GHz and the other with a 150 MHz free spectral range͒. The latter was used to provide relative frequency spacing. The laser was mechanically chopped at about 280 Hz. Typical scan speeds were in the range of 1-2 cm Ϫ1 per h.
III. RESULTS AND ANALYSIS

A. HC 3 N-HCCH
Two vibrational bands were observed in the molecular beam produced by expanding the mixture of HC 3 ͒ shifted from the C-H fundamental of the HC 3 N monomer and has instrumentally limited line shapes. Therefore, it is assigned to the ''free'' C-H stretching of the HC 3 N unit in a linear HC 3 N-HCCH complex. The band at 3263.313 cm Ϫ1 is much more red ͑towards lower wave number͒ shifted and displays lifetime broadened lines. It is assigned to the hydrogen bonded C-H stretch vibration of the HCCH unit. The fact that the frequency shift and the predissociation lifetime of this band are similar to the corresponding band of the linear HCN-HCCH complex supports this assignment. No T-shaped HC 3 N-HCCH complex has been observed. However, owing to the much larger partition function expected for such an asymmetric top, our sensitivity for detection of this conformer would be much lower. According to the normal mode labeling convention, we can assign the first band ͑centered at 3326.142 cm band. The 1 vibration should be the free C-H stretch of the HCCH unit, which was not observed in this experiment. The rotational assignment of both bands was straightforward. Transition wave numbers were fit to a standard linear molecular model,
where mϭϪJ for the P branch, and mϭJϩ1 for the R branch. The molecular constants obtained for these two bands are listed in Table I . We constrained the upper and lower state distortion constants to be equal ͑⌬Dϭ0͒ since this difference was not statistically significant when they were allowed to vary independently. The constants BЉ and DЉ where found to be highly correlated with a correlation coefficient of ϳ0.9, while other correlations were small ͑Ͻ0.6͒. All errors listed in the table are 1 statistical errors predicted from the fits, assuming uncorrelated random errors.
The estimated uncertainty for the band centers is of the order of 0.001 cm
Ϫ1
, due to the limitations of our calibration procedure. All observed wave numbers and the fitting residuals for both the 2 band and the 3 band are listed in Tables II  and III , respectively. In Fig. 2 one can see that the P͑3͒ transition of the 3 band is substantially higher than its neighboring transitions. This is likely due to an overlapping Q branch of a hot band.
The centrifugal distortion constants determined for the two bands are in poor agreement, though the error for the hydrogen bonded fundamental has a large error bar. Fits to the ground state combination difference also yielded inconsistent ground state distortion constants. We believe these constants arise from systematic errors in the calibration of our spectra and thus do not have any physical significance. Based upon the hydrogen bonding force constant of 0.046 mdyn/Å ͑4.6 N/m͒ reported by Block et al. 5 for HCN-HCCH, we can predict that the distortion constant of the ground state of HC 3 N-HCCH should be 2ϫ10 Ϫ8 cm
. The observed transitions of the hydrogen bonded 3 band show evidence of line broadening which is believed due to predissociation of the complex. From a Voigt profile fit to 
B. HCN-C 4 H 2
Two vibrational bands have been observed in the expansion of the mixture of HCN and C 4 H 2 in He. The first band is centered at 3309.76 cm Ϫ1 ͑Fig. 4͒. The extra lines observed in the spectrum derive from the ͑HCN͒ 2 1 band, 10 and were used in the calibration of the spectrum. The second band is centered at 3283.888 cm Ϫ1 ͑Fig. 5͒. The BЉ constants obtained from fits to the two bands are the same within fitting uncertainty, indicating that these two bands belong to the same complex. No Q branch nor K structure is observed in either band, implying ⌺-⌺ transitions of a linear molecule. Comparing these results with those of the linear complexes of HCN-HCCH and HC 3 N-HCCH, the first band is assigned to the ''free'' C-H stretch ͑ 2 ͒ of the HCN unit, the second to the hydrogen bonded C-H stretch ͑ 3 ͒ of the C 4 H 2 unit of the HCN-complex. The 1 vibration is the ''free'' C-H stretch of the C 4 H 2 unit, which is not observed in this C 4 H 2 experiment. These assignments are also consistent with the predissociation linewidths observed for both bands. Like the previous case, the distortion constants returned from the fits are believed to be a reflection of errors in the frequency calibration of the spectrum. Based upon the HCN-HCCH force constant, we predict a value of 1.9ϫ10
Ϫ8 cm Ϫ1 for DЉ. Bands were fit by the formula given in Eq. ͑1͒. No perturbation has been observed in the 2 band. The molecular constants obtained are listed in Table IV . The observed wave numbers and the fitting residuals are listed in Table V. For  the 3 band, a local resonance near the JЈϭ20 level has been observed. Both P͑21͒ and R͑19͒ are nearly missing from the spectrum ͑see Fig. 5͒ , indicating the ''dark'' state has a much faster predissociation rate than the bright state. The intensities of the lines near the resonance are significantly perturbed. When fit to Eq. ͑1͒, the residual ͑fit 1 in Table VI͒ reaches a maximum near the perturbation as shown in Fig. 6 . The molecular constants listed in Table IV for this band are obtained from a fit ͑fit 2 in Table VI͒ that excluded transitions near the perturbation. Since no splittings near the perturbation have been observed, molecular constants for the perturbing level cannot be determined. However, a two level model has been used to simulate the perturbed spectrum in order to get some information on the perturbation. The molecular constants of the v 3 ϭ1 state ͑Table IV͒ and the estimated constants for the dark states were used in the simulation. The simple two level model used here can be described by a 2ϫ2 matrix,
where E i is equal to 0 ϩB i J(Jϩ1), and W is the interaction matrix element. Linewidths for spectral transitions were calculated by a weighted average of the widths for the bright and dark states. A linewidth of 27.7 MHz was used for the bright state transitions ͑obtained from the linewidth measurements far from the crossing͒, while the linewidth of the dark state transition was assumed to be 500 MHz ͑estimated roughly from the intensity changes due to perturbation in the spectrum͒, which corresponds to a predissociation lifetime of 315 ps. Figure 7 shows the comparison of the simulated R branch and the observed R branch of the 3 band. The rota- where 0 is the band center, B the rotational constants, W the interaction matrix element. These numbers were chosen so that the calculated perturbation site and the transition intensities are close to the experimental observation. Since the perturbation is very local, the intensity analysis of the perturbed lines and the simulation is insensitive to the type of the interaction ͑Coriolis interaction or Fermi resonance͒. The assignment of the ''dark'' state is not practical since most of the vibrational frequencies of the complex are not known. The rotational constant of the ''dark'' state, however, is larger than that of the v 3 ϭ1 state, suggesting a state with bending excitation. We wish to stress that the above dark state constants are not unique, due to the lack of observed transitions to levels with primarily dark state character. Linewidths of the observed transitions were also obtained, yielding information on predissociation of the observed vibrational levels. Similar to the complex of HC 3 N-HCCH, the 2 band for the HCN-C 4 H 2 complex is instrument limited, implying its predissociation linewidth is less than about 1 MHz, corresponding to a predissociation lifetime longer than 100 ns. The phase of the signal implies that the excited complex dissociates before reaching the bolometer detector, i.e., 100 s. The linewidths of the 3 band of the HCN-C 4 H 2 complex, however, are not instrumentlimited. The predissociation linewidths can be determined by fitting the observed line shapes to a Voigt profile. By fitting the R͑12͒ transition to a Voigt profile with a Gaussian component of 10 MHz ͑typical instrument-limited width͒, the predissociation linewidth for this transition is determined to be 27.7͑4͒ MHz ͑see Fig. 8͒ , corresponding to a predissociation lifetime of 5.75͑8͒ ns.
C. Comparison with HCN-C 2 H 2
The rotational constants and vibrational frequency shifts yield information about the strength of intermolecular interactions. First we will consider the rotational constants, and then we will consider the vibrational data. From the observed rotational constants of the complexes and the rotational constants of the monomers, one can deduce the center of mass distance, R com , between the units if one assumes a rigid structure. This gives R com ϭ5.876 Å for the HC 3 N-HCCH complex and R com ϭ5.941 Å for the HCN-C 4 H 2 complex. We do not report an error estimate since this will be dominated by the assumption of a rigid structure. Using standard bond lengths, 13 we can estimate the N-H hydrogen bond length from these R com values as 2.33 and 2.34 Å for HC 3 N-HCCH and HCN-C 4 H 2 , respectively. This can be compared to the value 2.345 Å calculated by Block et al. for the linear HCN-HCCH complex. 5 The agreement is better than expected, given the approximations involved, but shows that the hydrogen bonds are of very similar character for all three systems. From the ground state centrifugal distortion constants, one can also in principle estimate the force constant for the hydrogen bond, but as discussed earlier these are too small in the present case to be determined given the frequency calibration of our spectrometer.
It is interesting to note that ⌬B is negative for the excitation of the hydrogen bonded CH, opposite to the positive value typically observed for hydrogen bonding stretches such as in the case of the HCN dimer, 12 but the same sign as for linear HCN-HCCH. 5 The positive value for ⌬B is usually interpreted as due to a shortening of the hydrogen bonding distance, which is increased in strength by the red shift. A physical model for the decrease in the rotational constant in the excited state, despite the stronger hydrogen bond is that with a stronger bond, one will have a reduced bending amplitude that can lead to an increase in the center of mass separation of the two monomers. 14 Let us now compare the van der Waals interactions in these three analogous complexes as they are reflected by the predissociation lifetimes and the red shifts of the hydrogen bonded C-H stretching fundamentals. The analysis of the vibrational frequency shifts for the complexes is complicated by the symmetry lowering of the acetylene and diacetylene units in the three systems. The complexation with the cyanobearing moiety shifts the frequency of the C-H stretching bands ͑reflecting the deepening of the intermolecular well with intramolecular excitation͒. Simply measuring the shift in the absorption from the asymmetric C-H stretch of the isolated molecule ignores the fact that excitation is no longer purely an asymmetric stretch. We have estimated the local C-H stretch red shift by solving the energy level matrix for free C 2 H 2 ,
to obtain the known eigenvalues 1 ͑3372.85 cm Ϫ1 ͒ ͓Ref. 15͑a͔͒ and the ''deperturbed'' value for 3 ͑3288.58 cm Ϫ1 ͒.
15͑b͒ The 3 fundamental of the acetylene monomer is in a strong anharmonic resonance with the level 2 ϩ 4 ϩ 5 . However, we expect the complex induced shift of the 2 ϩ 4 ϩ 5 to be much less than for the 3 mode and the resonance to be much less important. If we assume no shift for the 2 ϩ 4 ϩ 5 level and the same anharmonic interaction matrix element in the complex as for the monomer, 3 is predicted to be red shifted by ϳ0.6 cm
Ϫ1
, which is small enough that it can be neglected compared to other sources of error in our approximations. This procedure yields a ''pure'' C-H stretching frequency, CH ͑3330.72 cm
͒ and an interaction matrix element, W͑42.13 cm Ϫ1 ͒. The complex induced red shift can then be considered to affect the hydrogen bonded C-H stretch and not the free stretch, so that the new energy level matrix could be represented as
where ␦ is the hydrogen bond induced red shift in cm
. One of the eigenvalues of the matrix is known ͑i.e., the band center for the complex͒, so if we assume the interaction matrix element to remain unchanged, then the magnitude of the frequency shift, ␦, can be calculated. Similar calculations can also be done for the HCN-C 4 H 2 complex. Table VII gives the results of this analysis. It is seen that unlike the crude shifts ͑measured from the antisymmetric acetylenic CH mode of the monomers͒ our estimated red shift values are quite close. A similar analysis has been used by Fraser and co-workers in the study of the complexes of C 2 H 2 and C 4 H 2 with ammonia. 16 The strong similarity of the red shifts for the three complexes appears to confirm the initial assertion that the electronic interaction is similar for the three complexes. However, the largest shift, for HCN-C 4 H 2 , is combined with the longest lifetime. This ''discrepancy'' is interesting in that it may elucidate the factors which may be responsible for the scatter in the correlation plot of Miller. 2 Standard arguments regarding the qualitative dependence of the predissociation lifetimes for related complexes on the structures of the constituent monomers fail to properly account for the trend noted in our data, and in fact, many of these arguments predict an opposite trend. The monomer substitutions carried out in this study increase the number of vibrational modes for the van der Waals complexes from 16 modes for the linear HCN-HCCH complex to 22 modes for the two modified complexes. Thus although the 3 excitation occurs at very similar energies for the three complexes, we would expect the HC 3 N and C 4 H 2 complexes to have more rovibrational exit channels available for predissociation. A comparison of the number of predissociation channels alone fails to consider the fact that not all channels will be equally effective in promoting predissociation of the excited complexes, yet it suggests a pattern of stability contrary to the 17 made use of the concept of vibrational predissociation as ''a half-collision'' process by referring to a vibrational energy transfer theory ͑SSH theory͒ 18 originally developed by Schwartz, Slawsky, and Herzfeld for application to molecular collisions. This theory can also be applied to the present systems. In order to compare the three systems in this work, there are two major factors that have to be considered. First, we have to consider the coupling strengths for the three systems between the vibration and the predissociation coordinate. From the experimental data here it is well established that the coupling strengths, as measured by the red shifts, are similar, and the variation predicts the wrong variation of linewidth. Another important factor in the SSH theory is the reduced mass of the two colliding partners ͑in this case the reduced mass of the two fragments͒. In the case of vibrationto-translation energy transfer, it is well known that the vibrational de-excitation probability will decrease if the reduced mass of the two collisional partners increases according to the SSH theory. The presumption of this argument is that the three systems have similar interaction potentials, which is true in the present situation, at least near the equilibrium geometry. It also presumes that the fragments leave with the same translational energy, which is harder to justify given the importance of nearly resonant dissociation channels. Nevertheless, SSH theory predicts that the system with lower reduced mass should have a shorter predissociation lifetime. The reduced mass for the two fragments increases from 13.25 ͑HCN-HCCH͒ to 17.22 ͑HC 3 N-HCCH͒ to 17.53 amu ͑HCN-C 4 H 2 ͒ as we go down the series. This rationalizes the shorter lifetime of the HCN-HCCH complex, but does not explain the factor of 2 difference between HC 3 N-HCCH and HCN-C 4 H 2 .
The dissimilarity in size of the interacting monomers may be another contributing factor to the anomalous result. In the dissociation of a diatomic species yielding fragments of disparate masses, conservation of energy and momentum dictates that the light mass will carry away most of the energy released in the dissociative process. In the analogous dissociation of the large I-small I dimer, the small I fragment has to assume most of the rotational energy, assuming one can neglect both the relative orbital angular momenta of the two departing monomers and the initial rotational angular momentum of the complex. This restriction will leave fewer open dissociation channels for systems of disparate moments of inertia. Again, this argument rationalizes the shorter lifetime for the HCN-HCCH complex, but not the differences between the two heavier complexes.
Data for a doubly substituted HC 3 N-C 4 H 2 complex would help to assess the validity of these arguments, for we would expect a similar red shift to be accompanied by slower predissociation ͑i.e., longer lifetimes͒ as predicted by the reduced mass effect, or faster predissociation ͑i.e., shorter lifetimes͒ by the momentum imbalance effect. Despite extensive searching, we only observed one very broad cluster peak when we attempted to observe this complex with the current apparatus. If this feature is in fact due to the linear HC 3 N-C 4 H 2 heterodimer, one would have to conclude that its lifetime is short and that the momentum imbalance factor dominates over the reduced mass effect. In the absence of further experimental data, model calculations of the predissociation dynamics could be carried out to confirm or contradict our tentative explanation. In fact, the systems discussed here appear to be a good case for theoretical treatment since uncertainties in the interactions should affect the relative values of the lifetimes less than their absolute values.
An interesting question concerns why we did not observe the ''nonbonded'' CH stretching mode of C 2 H 2 or C 4 H 2 in the complexes. While this mode will correlate with the IR inactive symmetric stretch in the free molecule, the asymmetry produced by the differential shift will lead to extensive localization of the vibrational excitation on the outer CH stretching coordinate. Using the model discussed above for C 2 H 2 , the observed shift implies that 1 has about 1.6 times more ''free CH'' motion, than ''bounded CH'' motion. If the dipole derivatives of the two ends were the same, this would predict that 1 would have about 40% of the integrated intensity of 3 . Given that we would expect it to be narrower, we should have detected 1 if it was this strong. However, we expect the dipole derivative for the ''bound'' CH stretch to be enhanced, 2 to 3 times, by hydrogen bonding. In this case, the larger derivative can effectively counter the vibrational asymmetry, leading the 1 intensity to be zero for a dipole enhancement of 1.6, and to be 17 times weaker than 3 even for a dipole enhancement of 3. Thus, our failure to observe the ''free CH'' 1 band in HC 3 N-HC 2 H and Miller's failure to observe the same band in HCN-HCCH can be rationalized. It is harder to understand why the 1 band is not observed for the HCN-HC 4 H complex. Here the mixing of the ''free'' and ''bound'' CH stretch of C 4 H 2 is only a few percent, and we would expect the 1 to have an intensity similar to the 3 , the unbound H-C stretch of HCN.
Finally it is noteworthy that both complexes studied in this experiment show no sign of the T-shaped structure despite that fact the T-shaped isomer is strongly favored in the molecular beam expansion of HCN-HCCH. One possible reason for the absence of T-shaped isomers in our experiment is the very asymmetric top character of these species which disperses their spectra and gives rise to an unfavorable partition function and consequently low signal to noise ratio. Further analysis of the potential energy surfaces for the C 4 H 2 -HCCH and HCN-C 4 H 2 interactions may reveal whether or not the kinetics of dimer formation should be considered in explaining the absence of T-shaped dimers, for one would expect here to be at least a local minimum for the potentials of the substituted complexes at the nonlinear configurations.
IV. CONCLUSIONS
Rotationally resolved infrared spectra of the linear HC 3 N-HCCH and HCN-C 2 H 4 complexes have been pro-duced using the molecular beam optothermal method. The 2 and 3 bands of each complex were recorded and analyzed, providing an accurate set of molecular constants for each complex. The prediction linewidths were also explored for the 3 ϭ1 state of HC 3 N-HCCH and HCN-C 4 H 2 and were determined to be 50 and 28 MHz, respectively. The vibrational frequency shifts and predissociation lifetimes of the hydrogen bonded excitations of the complexes were compared with the corresponding quantities for HCN-HCCH. While the complexes exhibited similar shifts for 3 excitations, the associated lifetimes range from 1 to 5 ns. Tentatively, these findings were attributed to the increase in the reduced mass and the imbalance in the moments of inertia of the fragments of the linear complexes.
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